Experimental methods of post-growth tuning of the excitonic fine structure splitting in semiconductor quantum dots by Johannes D Plumhof et al.
Plumhof et al. Nanoscale Research Letters 2012, 7:336
http://www.nanoscalereslett.com/content/7/1/336
NANO REVIEW Open Access
Experimental methods of post-growth tuning
of the excitonic ﬁne structure splitting in
semiconductor quantum dots
Johannes D Plumhof*, Rinaldo Trotta, Armando Rastelli and Oliver G Schmidt
Abstract
Deterministic sources of polarization entangled photon pairs on demand are considered as important building blocks
for quantum communication technology. It has been demonstrated that semiconductor quantum dots (QDs), which
exhibit a suﬃciently small excitonic ﬁne structure splitting (FSS) can be used as triggered, on-chip sources of
polarization entangled photon pairs. As-grown QDs usually do not have the required values of the FSS, making the
availability of post-growth tuning techniques highly desired. This article reviews the eﬀect of diﬀerent post-growth
treatments and external ﬁelds on the FSS such as thermal annealing, magnetic ﬁelds, the optical Stark eﬀect, electric
ﬁelds, and anisotropic stress. As a consequence of the tuning of the FSS, for some tuning techniques a rotation of the
polarization of the emitted light is observed. The joint modiﬁcation of polarization orientation and FSS can be
described by an anticrossing of the bright excitonic states.
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Review
Semiconductor quantum dots (QDs) obtained by epitax-
ial growth are attracting much interest because of their
potential use as building blocks for quantum information
processing and communication devices [1]. QDs conﬁne
the motion of charge carriers in three-dimensions and are
often referred to as artiﬁcial atoms. The discreteness of
the states in QDs leads together with the Pauli exclusion
principle to a maximum occupancy of two electrons/holes
per quantum state. This renders QDs ideal sources of sin-
gle photons, where only one electron-hole pair (which
forms a neutral exciton, X, because of the Coulomb attrac-
tion), can recombine within the excitonic lifetime [2,3].
Furthermore, Benson and co-workers [4] proposed in
2000 that QDs can emit polarization entangled photon
pairs during the radiative decay of the biexcition-exciton
(XX-X) cascade:
 = 1√
2
(HXXHX + VXXVX) ,
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where H and V are two diﬀerent polarization states. This
feature can be used in the ﬁeld of quantum cryptography
and in advanced quantum optics experiments as quan-
tum teleportation. QDs have the advantage, compared to
other sources of entangled photon pairs, that the pho-
tons can be emitted on demand, i.e., by using optical or
electrical trigger pulses [5,6]. However, these experimen-
tal achievements hide the diﬃculties connected with the
experiments. If the QD does not have a certain spatial
symmetry (D2d, or higher), the intermediate X-state is
split by the so-called ﬁne structure splitting (FSS), leading
to a diﬀerence in energy of the photons originating from
the X (and also from the XX) decay [4,7,8]. This energy
splitting prevents entanglement, since it makes the two
decay paths distinguishable, unless the FSS is tuned to the
values of the order of the radiative linewidth [9].
Figure 1 shows a sketch of the XX-X decay cascades. The
three sketches on the left side show the diﬀerent states
involved in the decay. First the XX decays into X, under
emission of a photon, followed by the recombination of
the X ending up in the vacuum state. In each of the three
situations shown in Figure 1a, 1b, and 1c, the XX can
decay via the left (solid line) or right (dashed line) channel
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Figure 1 Sketches of diﬀerent cascades of the biexciton-exciton
decay. The sketches on the left side show the diﬀerent states
involved in the XX-X decay: biexciton (top panel), exciton (middle
panel), and the QD-ground state (bottom panel). (a) All four possible
transitions have diﬀerent energies; no entanglement is possible. (b)
The energies of XX and X are tuned into resonance (same colors-same
energy): it is proposed that the time reordering allows restoring
entanglement [10]. The transitions of the i-th generation in (a) and
(b) emit linear (Hi , Vi) polarized light. (c) FSS (1 ≈ 0) tuned to values
smaller than the respective linewidth; the so-called which-path
information encoded in the FSS is erased, and entanglement is
achieved. The transitions in (c) emit circularly (σ+ , σ−) polarized light.
under the emission of two photons. The photons emit-
ted by transitions in Figure 1a, b are linearly polarized; in
addition, the photons emitted through diﬀerent channels
usually have orthogonal polarization with respect to each
other. The transitions labeled with Hi (Vi), with i=1, 2,
emit horizontally (vertically) polarized photons, deﬁned
with respect to a given axis.
In the case of Figure 1a, the energy of the X is split
by the so-called FSS, 1; the FSS in (a) is much larger
than the linewidth of the emitted lines, leading to ener-
getically well-separated states. The emission energy of the
XX is clearly detuned from the one of the X. The diﬀer-
ent energies (indicated by diﬀerent colors) of the possible
transitions, allow to distinguish the photons originating
from the left and the right cascade. This so-called which-
path information destroys the polarization entanglement
[4,11].
In Figure 1b, the FSS remains unchanged compared to
(a), but the average emission energy E(XX) of the two per-
pendicularly polarized XX lines is equal to the one of the
X (E(X)). This leads within the radiative linewidth to same
transition energies of H1 and V2 as well of V1 and H2.
It has been proposed that the polarization entanglement
can be measured when the photons are reordered in time
after their emission [10,12-15]. Although, entanglement
via the time reordering scheme has not been proven yet,
Ding et al. have shown that isotropic biaxial stress can be
used to tune the emission energy diﬀerence of XX and X
to values smaller than the respective linewidth. The obser-
vation was explained with a strain-induced tuning of the
electron-hole wavefunction overlap [16].
The research presented in this work is motivated by the
original proposal from Benson et al. [4], which is equiv-
alent to the XX-X decay conﬁguration depicted in Figure
1c. Here, the emission energies of XX and X are de-tuned
with respect to each other, but the FSS is tuned to val-
ues smaller than the respective linewidth. In this case,
the so-called two ﬁrst generation transitions (red lines) as
well as the two second generation transitions (blue lines)
are degenerated in energy. The emitted photons are cir-
cularly polarized. Photons from the same generation but
from diﬀerent branches have opposite circular polariza-
tion [17]. The spectral overlap removes the which-path
information and creates polarization entanglement of the
emitted photons [9,11,17,18]. Since the as-grown QDs
usually exhibit nonzero FSS, post-growth tuning methods
are highly desirable. Several techniques such as ther-
mal annealing [19], lateral [20,21], and vertical electric
ﬁelds [22], magnetic ﬁelds [5], optical Stark eﬀect [9], and
anisotropic stress [23,24] can be utilized for this purpose.
All the above mentioned techniques have their particular
advantages and disadvantages, as will be discussed in this
article. This work begins with an introduction on the ori-
gin of the FSS, followed by a discussion of the diﬀerent
tuning techniques (some parts are reproduced from the
work of Plumhof [25]).
Excitonic FSS
The diﬀerent eﬀective masses of heavy holes (HH) and
light holes (LH) lead in QDs to diﬀerent conﬁnement
energies of the two upper hole states similar to the con-
ﬁnement of holes in semiconductor quantum wells [26].
This energetic separation makes it more likely for the HH
states to be populated, so that one can treat the hole states
in a good approximation as pure HH states [8]. The result-
ing exciton formed by a HH with a spin mJ = | ± 32 〉 and
a conduction band electron with the spinmS = | ± 12 〉 can
have the following spin states
Md = | ± 2〉
and
Mb = | ± 1〉.
Excitons with the spin conﬁguration Md are commonly
known as dark excitons, since optical (single photon)
transitions are forbidden due to spin conservation. The
excitons with spins Mb are called bright excitons, since
they can decay under the emission of a circularly polarized
photon. This is only the case for bright excitonic states
with zero FSS. In the case of non-zero FSS, the bright
states are mixed with each other, leading to the emission
of linearly polarized light. In the following, the origin of
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the excitonic FSS and the resulting mixing of the bright
excitonic states are discussed.
The origin of the FSS is strongly correlated with the
spatial symmetry of the QD, the QDs of symmetry D2d
or higher show zero FSS. The required spatial symme-
try includes the shape of the QD and the symmetry of
the underlying crystal. The anisotropy in QDs can have
several origins: apart from the QD shape intrinsic strain
ﬁelds, a crystal of lower symmetry, alloy ﬂuctuations,
or alloy ordering can reduce the symmetry [27-31]. For
instance, it has been shown that GaAs dots grown on (111)
oriented substrates generally exhibit smaller FSS values
compared to dots grown on conventional (001) oriented
substrates [37,38], in line with theoretical predictions [39].
In addition to symmetry and shape of the QD, also, the
volume of the QD modiﬁes the excitonic FSS [32,33].
However, a pure change of the QD-volume will not allow
to tune the FSS exactly to zero and will always be related to
a potentially unwanted change of the QD emission energy.
The D2d symmetry describes a system [34] which is:
(1) two-fold rotational symmetric for three diﬀerent axes
(perpendicular to each other); (2) symmetric under reﬂec-
tion at two planes (perpendicular to each other); (3)
invariant under a combination of a reﬂection and a 90
degree rotation around an axis perpendicular to the reﬂec-
tion plane.
In Figure 2, the structure of an Allene molecule, which
follows the D2d symmetry is presented to illustrate the
required symmetry. Due to the random nature of the
growth process, as-grown QDs usually do not show this
symmetry.
The QD anisotropymixes the circularly polarized bright
excitonic states (Mb = | ± 1〉) and leads to the formation
of new bright excitonic states:
1√
2
(| + 1〉 ± | − 1〉). (1)
Figure 2 Structure of an Allene molecule (C3H4) following the
D2d symmetry. Figure taken from: [35].
The photons which are emitted by the recombination
of these mixed excitons are linearly polarized, and they
have orthogonal polarization with respect to each other.
More importantly, the two excitonic states have diﬀerent
energies due to the exchange interaction. The diﬀerence in
energy is the so-called FSS. The larger the QD-anisotropy,
the stronger the coupling of the excitonic states becomes
and the larger the magnitude of the resulting FSS. A more
rigorous discussion of the origin of the FSS is presented
in the work of Bayer et al. [8], as discussed in the fol-
lowing. The Hamiltonian for the electron-hole exchange
interaction is given in the basis of the excitonic spin states
(| + 1〉, | − 1〉, | + 2〉, | − 2〉) by:
Hex = 12
⎛
⎜⎜⎝
+0 +1 0 0
+1 +0 0 0
0 0 −0 +2
0 0 +2 −0
⎞
⎟⎟⎠ , (2)
where: 0 = 1.5(az + 2.25bz), 2 = 0.75(bx + by), and
1 = 0.75(bx − by). The latter term is equivalent to the
FSS. The constants describing the spin-spin coupling are
given by ai, and bi, with i = x, y, z. If the structure exhibits
aD2d symmetry, bx and by are identical so that the FSS 1
is zero. In this case, the two bright excitons have eigen-
states | + 1〉 and | − 1〉, which are degenerated and both
have the energy + 120. The energy splitting of the dark
excitonic states, which is given by 2 is always nonzero.
The corresponding eigenstates are 1√2 (|+2〉±|−2〉), with
relative energies − 12 (0 ± 2).
If the symmetry is lower thanD2d, i.e., bx = by, the |±1〉
states are not anymore the eigenstates of the Hamiltonian.
In this case, the eigenstates are given by 1√2 (|+1〉±|−1〉),
and the degeneracy of the energy is lifted. The energy is
then given by 12 (0 ± 1), and the diﬀerence of the two
energies is the FSS (1). Due to the block diagonal form
of the Hamiltonian, the mixing between bright and dark
excitons does not occur in this simpliﬁed model. On the
other hand, if the hole states are not pure but a mixture of
HH and LH, also, the LH contributes to the FSS [36].
The exchange interaction can be split into two parts: the
so-called short-range interaction (SR) part, arising from
the crystal symmetry, i.e., the interaction of electron and
hole in the sameWigner-Seitz unit cell, and the long-range
interaction (LR) part, when both carriers are in diﬀerent
unit cells, originating from the macroscopic anisotropy of
the QD. The LR interaction has two eﬀects: (i) it con-
tributes to the splitting of the bright and dark excitons
and (ii) it contributes to the FSS in QDs with shapes of
symmetry lower than D2d. The LR interaction does not
contribute to the splitting of the dark excitons. The main
eﬀect of the SR interaction is the splitting of the bright and
dark excitons, but it also contributes to the FSS.
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Even using optimized growth conditions [32,37], the
stochastic processes governing the QD formation will
always lead to FSS values which are on average too large
to satisfy the stringent requirements for entangled-photon
generation. Post-growth tuning techniques are therefore
essential to increase the yield of QD-based devices capable
of generating entangled photon pairs.
Tuning of the FSS
Before presenting some experimental works on the tuning
of the FSS, we will focus on the theoretical work pre-
sented by Singh et al. [40]. In this work, the inﬂuence
of uniaxial stress on the excitonic FSS in InGaAs/GaAs
and InAs/GaAs QDs is discussed by using million atom
empirical pseudopotential calculations [41]. As already
discussed above, a QD of zero FSS requires a certain (D2d)
symmetry. To simplify the problem, Figure 3 presents a
qualitative picture, which reduces the problem to a simple
2D geometrical problem: examples of four QDs of diﬀer-
ent cross sections/orientations are presented. In Figure 3a,
a rotational symmetric QD-cross section is shown, which
is considered in this simplemodel as aQD of ideal symme-
try, i.e., with zero FSS. In Figure 3b, an elliptically shaped
QD-cross section is illustrated. It is evident that a unidi-
rectional tuning technique, acting along the main elonga-
tion axis (indicated by the black arrows), can deform this
shape to a circular one, i.e., one expects to be able to tune
the FSS to zero. Figure 3c shows a QD of the same cross
(a) (b) (c) (d)
Figure 3 Cross sections of four diﬀerent QDs. (a) Circularly shaped
cross section, considered to have a perfect symmetry, i.e., zero FSS.
(b) Elliptically shaped cross section. (c) Same as presented in (b), but
with a tilted orientation direction. (d) Cross section of arbitrary shape.
The black arrows in (b), (c) and (d) indicate the direction of a
unidirectional tuning technique.
section as presented in Figure 3b, but now, the elongation
axis of the QD is tilted by 20° with respect to the tuning-
direction. In this case, a unidirectional tuning technique
acting along the vertical axis is not expected to be able
to restore the circularly shaped cross section, i.e., the FSS
will be nonzero for all tuning magnitudes. In Figure 3d, a
QD of arbitrarily shaped cross section is shown. In con-
trast to the case in Figure 3c, it is evident that in the
latter case, no direction exists along which a unidirec-
tional tuning technique would allow deforming the shape
to a circle. In this case, we expect the FSS to remain always
nonzero. However, in reality, the situation is more com-
plex, i.e., in addition to the shape, also the composition
proﬁle, the symmetry/orientation of the underlying crys-
tal, intrinsic strain, and possible consequent piezoelectric
ﬁelds contribute to the anisotropy and to the FSS [28,33].
Figure 4 shows the calculated inﬂuence of uniaxial stress
on the energy of bright excitons conﬁned in lens-shaped
QDs with an elliptical base. The QDs are elongated along
the [110]-direction, parallel to the applied uniaxial stress.
The results presented in Figure 4a are based on a pure
(i.e., non-alloyed) InAs/GaAs QD. The bright excitonic
states show a clear crossing, which means that the FSS can
be tuned through zero. In contrast, the results presented
in Figure 4b are based on an alloyed InGaAs/GaAs QD,
showing an anticrossing of the bright excitonic states as
the stress is varied, i.e., the FSS remains always nonzero. In
addition to the variation of the FSS, a rotation of the linear
polarization of the light emitted by the neutral exciton was
predicted. The situation in the latter case can be compared
with the case illustrated in Figure 3d, where the symmetry
is destroyed by the randomness of the QD-shape, whereas
in the case of Figure 4b, the randomness of the alloy is
responsible for the lowered symmetry.
Similar results, based also on atomistic theory, were
obtained by Bryant et al. [42]. They studied the inﬂu-
ence of stress on InAs/GaAs QDs embedded in a bendable
GaAs bridge. They explain the rotation of the linear polar-
ization by a change of the phase between the mixed bright
excitonic states. Recently, the relation between magnitude
of the FSS and polarization angle has been describedmore
in detail in the work of Gong et al. [43].
All these theoretical works predict a non vanishing FSS
for QDs which do not exhibit a certain symmetry. How-
ever, to create polarization entangled photon pairs zero
FSS is not strictly required, as it is suﬃcient to tune the
FSS down to values of several μeV [44], which means that
also the FSS of QDs of a lower symmetry can be tuned
to values small enough to create polarization entangled
photon pairs.
Tuning of FSS by annealing
Thermal annealing of the QD structures allows the FSS to
be modiﬁed irreversibly [19,45]. This technique has been
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Figure 4 Theoretical investigations by Singh et al. [40] on the
inﬂuence of uniaxial stress on the FSS. (a) Energy of the two bright
excitons conﬁned in lens-shaped InAs QDs vs. applied stress; the
states show a crossing, i.e., zero FSS can be reached. (b) Energy of
bright excitons conﬁned in a lens-shaped InGaAs QD vs. applied
stress; both states show an anticrossing. The insets show how the
orientation of the linear polarization is changed if the magnitude of
the stress along the [110]-direction is varied. Reprinted ﬁgure with
permission from R. Singh and G. Bester, Lower Bound for the Excitonic
Fine Structure Splitting in Self-Assembled QuantumDots, Phys. Rev. Lett.
104, 196803, (2010). Copyright 2010, American Institute of Physics.
mainly employed on InGaAs/GaAs QDs and is based on
the diﬀusion of In in InGaAs/GaAs QDs. Annealing of
the QDs at temperatures above about 700°C leads to a net
in-diﬀusion from the in-richer center of the QD to the in-
poorer surrounding of the QD. To control this process,
one can either set a ﬁxed temperature and vary the dura-
tion of the annealing process [45], or one can keep the
annealing time ﬁxed and vary the temperature [19]. The
change of the QD-composition proﬁle leads to a change
of the QD-extension and to a modiﬁcation of the eﬀective
shape of the conﬁnement potential.
Figure 5 shows the results from the work of Langbein
et al. [19]. It shows the average FSS (solid squares) and the
relative full width at half maximum (FWHM) for each of
the measured distributions (open triangles) vs. the con-
ﬁnement energy, which is deﬁned by the QD ground state
energy with respect to the energy of the wetting layer. The
recorded data are measured on samples being annealed
for 30 s at diﬀerent temperatures (800 to 960°C). The
conﬁnement energy changes from 332 meV for the not
Figure 5 Results from Langbein et al. [19]. Average FSS (solid
squares) and the relative FWHM of the corresponding FSS distribution
(open triangles) vs. the conﬁnement energy. Reprinted with
permission from Langbein et al., Control of ﬁne-structure splitting and
biexciton binding in InxGa1-x As quantum dots by annealing., Phys. Rev.
B 69, 161301(R), (2004). Copyright 2004, American Institute of Physics.
annealed sample to 69 meV for the sample which was
annealed at 960°C. At the same time, the FSS decreases
from 96 down to 6 μeV . The relative FWHM of the distri-
butions does not change remarkably (see open triangles),
showing that the FSS of all QDs of the ensemble are tuned
in a similar way.
The evolution of the FSS of single dots upon annealing
has been studied by Ellis et al. [46] and by Seguin et al. [47].
The advantage of annealing as tuning technique is that the
tuning is permanent.
Tuning of FSS bymagnetic ﬁelds
A very powerful technique to tune the FSS is represented
by magnetic ﬁelds, where one generally distinguishes
between two conﬁgurations: (i) Faraday conﬁguration, i.e.,
with the magnetic ﬁeld oriented along the growth direc-
tion [8], (ii) Voigt conﬁguration, i.e., with the magnetic
ﬁeld aligned along an axis perpendicular to the growth
direction [8,48]. In the Faraday conﬁguration, the mag-
netic ﬁeld lifts the degeneracy of the excitonic states of
positive and negative spin projections, but it does not
allow to tune the FSS to zero [48]. In the Voigt con-
ﬁguration, the in-plane magnetic ﬁeld aﬀects the lateral
symmetry of the QDs and, thus, also the FSS. Additionally,
it couples bright and dark excitonic states, Mb and Md,
making the dark states bright [48-50].
In Figure 6, the results from reference [48] are shown.
The behavior of the emission of Xs conﬁned in three dif-
ferent InAs QDs (A, B, and C) under an in-plane magnetic
ﬁeld is presented. The upper panels show the QD spec-
tra at zero magnetic ﬁeld, where the two displayed lines
(dashed/solid) represent the spectra taken for two per-
pendicular polarization directions. It can be seen that the
diﬀerent QDs have diﬀerent FSS at B = 0 T. QD A has a
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Figure 6 Results from Stevenson et al. [48] obtained by application of an in-plane magnetic ﬁeld. Three diﬀerent QDs A, B, and C having at
zero magnetic ﬁeld a FSS of 22, 284, and −16 μeV , respectively. The top (middle) panels show spectra of the X-emission at a magnetic ﬁeld of
B = 0 T (B = 5 T). The dashed and solid lines stand for the spectra recorded at perpendicular polarization angles, respectively. The bottom panels
show the behavior of the FSS (S) as it is tuned by the magnetic ﬁelds. Reprinted with permission from Stevenson et al.,Magnetic-ﬁeld-induced
reduction of the exciton polarization splitting in InAs quantum dots, Phys. Rev. B 73, 033306, (2006). Copyright 2006, American Institute of Physics.
small FSS of only S0 =22 μeV , QD B has a comparably
large splitting of S0 =284 μeV , and QD C has a negative
splitting of S0 = −16 μeV . The reason for the negative
sign of the FSS in the case of QD C is that the higher
energy emission line is polarized perpendicularly to the
one of QDs A and B (compare upper three panels). Other
works consider only positive values of the FSS and deﬁne
an angle for the polarization orientation [24,51]. In the
middle panels, the excitonic spectra for the same QDs are
presented as an in-plane magnetic ﬁeld of 5 T is applied. It
can be seen that the distance between the twomain peaks,
i.e., the FSS has changed, and a third line appeared at lower
emission energies, which is ascribed to transitions of the
former dark excitonic states. In the bottom panels, the FSS
(S) is plotted vs. the magnetic ﬁeld. It can be seen that the
FSS of QD A increases from 22 to 77 μeV as B is tuned
from 0 to 5 T. In the case of QD B, the FSS decreases from
284 to 235 μeV as B is varied. The right bottom panel
presents the tuning behavior of QD C. In this case, the
FSS can be tuned from −16 through 0 to +31 μeV . The
diﬀerent tuning behaviors are attributed to diﬀerent ini-
tial FSSs and to diﬀerent g-factors of the particular QDs.
It is shown by the same authors, that this technique is able
to tune the magnitude of the FSS to values small enough
to achieve polarization entanglement [5]. The disadvan-
tage of the tuning bymagnetic ﬁelds is that ﬁelds of several
Tesla have to be applied in order to reach reasonably small
FSSs. This hinders an on-chip integration of the tuning
technique andmakes it less appealing for real applications.
Tuning of FSS by the optical Stark eﬀect
Another way to tune the FSS is to use the optical Stark
eﬀect as presented in the work of Muller et al. [9]. In
this case, the electric ﬁeld of a continuous-wave laser is
used to tune the FSS. A laser, de-tuned by 25.5 GHz from
the XX transition, is coupled into an in-plane waveguide
containing the QDs. The interaction of the QD with the
light-ﬁeld modiﬁes the QD emission. The optical Stark
eﬀect increases with the laser intensity and decreases with
the de-tuning of the laser frequency, with respect to the
investigated transitions [52]. Figure 7 shows how the fre-
quency of the exciton and biexciton emission changes
as the intensity of the tuning laser is increased, where
an intensity of I0 corresponds to a Rabi frequency of
/2π =8.3 GHz. In the left panel, the spectra of the
two (H, V) polarized ﬁne structure split biexcitonic emis-
sion lines are presented. Both emission lines are tuned in
energy and come closer as the intensity of the tuning laser
is increased. Finally they merge at I = 3I0.
In the right panel of Figure 7, the same is shown for
the excitonic spectrum. Again, both the emission lines get
closer as I is increased, and they ﬁnally overlap at an inten-
sity of I = 3I0. Interestingly, the V-polarized excitonic
emission is only slightly eﬀected by I, which can simply
be explained by a coupling of the linearly polarized laser
ﬁeld with mainly the H-polarized excitons. It is shown
that QDs with FSSs of more than 20 μeV can be tuned to
values small enough to create polarization entangled pho-
ton pairs. The presented technique has the advantage that
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Figure 7 Results fromMuller et al. [9]. Spectra of the biexcitonic
(left) and of the excitonic (right) transitions measured for vertical (V)
and H polarization (H) for diﬀerent tuning laser intensities I; where an
intensity of I0 corresponds to a Rabi frequency of /2π =8.3 GHz.
Reprinted with permission from Muller et al., Creating Polarization-
Entangled Photon Pairs from a Semiconductor QuantumDot Using the
Optical Stark Eﬀect, Phys. Rev. Lett. 103, 217402, (2009). Copyright
2009, American Institute of Physics.
one can precisely in-situmodify the FSS, but on the other
hand, an additional laser source is needed, making the on
chip implementation more complicated.
Tuning of FSS by the quantum-conﬁned stark Stark
eﬀect
Another promising approach is the so-called quantum-
conﬁned Stark eﬀect, where static electric ﬁelds are uti-
lized. The electric ﬁeld can have diﬀerent conﬁgurations,
i.e., it can be applied either vertically (i.e., parallel to the
growth direction) [22] or laterally (i.e., perpendicular to
the growth direction) [20,21,53]. Gerardot et al. [21] inves-
tigated the inﬂuence of a lateral electric ﬁeld on the FSS
of InGaAs/GaAs QDs. They placed two Schottky contacts
separated by 15 μm on the surface of the sample in order
to apply an in-plane electric ﬁeld to theQDs, being located
130 nm below the surface.
In Figure 8, the relation of FSS and emission energy for
three diﬀerent QDs is presented, as the lateral electric ﬁeld
is varied. All QDs show diﬀerent behaviors: the emission
energies can be tuned by values of up to 1 meV, whereas
the FSS varies in a non trivial way. In the case of QDA, the
FSS shows a square root-like dependence with the applied
Figure 8 Results from the work of Gerardot et al. [21]. FSS of three
diﬀerent InGaAs/GaAs QDs (A, B and C) vs. their emission energy, as a
lateral electric ﬁeld is applied. Reprinted with permission from
Gerardot et al.,Manipulating exciton ﬁne structure in quantum dots with
a lateral electric ﬁeld, Appl. Phys. Lett. 90, 041101, (2007). Copyright
2007, American Institute of Physics.
ﬁeld, and it can be tuned in a range of around 90 μeV . For
QD B and C, the FSS shows an oscillatory behavior. In QD
B, the FSS only approaches zero, whereas in case of QD C,
the FSS crosses zero.
The three arrows in the bottom panel depict measure-
ments, where the polarization orientation of the emission
was characterized. No rotation of the polarization was
reported. The main drawback of the measurements pre-
sented in this work is that the application of a lateral
electric ﬁeld leads to a separation electrons and holes,
which leads to a decrease of the emission intensity, making
together with an increase of the emission linewidth this
technique less appealing for future applications. Similar
observations were reported in the work of Vogel et al. and
Kowalik et al. [20,53]. Another drawback of this method
is that the roughness of the the electric contacts does not
allow for a precise alignment of the electric ﬁeld.
An elegant way to overcome those problems is to use
vertical electric ﬁelds, as presented in the work of Bennett
et al. [22]. They designed a semiconductor heterostruc-
ture, which reduces the carrier tunneling rate. This allows
for the application of high-electric ﬁelds to high-quality
InAs/GaAs QDs without a noteworthy loss of emission
intensity. Their results are presented in Figure 9. Figure 9a
shows how the FSS changes as the relative electric ﬁeld
F − F0 is varied, where F0 is the value of the electric ﬁeld
for which the FSS reaches its minimummagnitude, s0. For
FSS s0, an almost linear relation between relative elec-
tric ﬁeld F−F0 and FSS was reported. Due to the diﬀerent
center of masses of the electron and hole wave functions,
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Figure 9 Results from the work of Bennett et al. describing the
inﬂuence of a vertical electric ﬁeld on the emission of InAs/GaAs
QDs [22]. (a) FSS of several QDs vs. the relative electric ﬁeld F − F0,
where F0 is the ﬁeld where the FSS of each QD reaches its minimum,
s0. (b) Orientation of the linear polarization of the emitted light with
respect to the crystal axes vs. the relative electric ﬁeld for the same
QDs as presented in (a). Reprinted by permission from Macmillan
Publishers Ltd: Nature Physics, Bennett et al., Electric-ﬁeld-induced
coherent coupling of the exciton states in a single quantum dot, Nature
Physics 6, 947, (2010), copyright 2010.
the excitons conﬁned in QDs usually have a permanent
dipole moment p = e · d, where e is the value of the ele-
mentary charge, and d is the distance between the center
of masses of electron and hole wave functions [54]. When
an electric ﬁeld F is applied to the QD, the energies E
of the two excitonic lines composing the bright exciton
behave according to:
E = E0 − pF + βF2,
where E0 is the energy of the Xs at F = 0 kV/cm, and
β stands for its polarizability. For large FSS, the two exci-
tonic states can be imagined as radiating electric dipoles,
being aligned along the [110]/[11¯0] directions of the crys-
tal. The alignment of the excitonic dipoles is transferred
to the orientation of the linear polarization of the light
emitted by the recombination of the excitons. Since the
polarizability does not depend on the in-plane anisotropy
of the QD, it does not contribute to the relative change of
the two excitonic energies (i.e., to the FSS) [55]. Due to the
diﬀerent conﬁnement potentials of the excitons along the
two directions, their permanent dipole moments p1 and
p2 exhibit diﬀerent values [54], leading to a linear change
of the FSS:
FSS = (p1 − p2)F .
This relation explains why the FSS changes linearly with
F for FSS >> s0. In the region close to F − F0 = 0 kV/cm,
this simple approximation is not valid. The fact that for
FSS >> s0, all QDs show a similar relative change of the
FSS as F is varied indicates that all QDs have similar in-
plane anisotropy. In Figure 9b, the orientation angle of
the polarization of the two excitonic emission lines with
respect to the crystal axes [110]/[11¯0] for three diﬀerent
QDs (same as in Figure 9a) is shown. It can be seen that
the polarization rotates faster, the smaller is the minimum
value of the FSS, and that the polarization rotation mainly
takes place in the region of the lowest FSS magnitudes.
The joint eﬀect of changing polarization orientation and
modiﬁcation of the FSS can be explained by the aforemen-
tioned anticrossing of the bright excitonic states. Despite
the clear anticrossings, it has been demonstrated that this
tuning technique can be used to tune the FSS of some
QDs to values small enough for the creation of entangled
photon pairs.
Tuning of FSS by anisotropic stress
The last tuning technique presented in this work is based
on anisotropic stress. More details can be found in the
work of Plumhof et al. [24]. In order to apply stress to
diﬀerent kinds of QDs, 150-200 nm thickmembranes con-
taining QDs were created by selective etching techniques
[56] and integrated on a piezoelectric crystal (PMN-PT)
[57] which allows anisotropic stresses to be applied to
the QDs. The anisotropic stress created by the PMN-PT
is composed by a component, ε‖, parallel to the electric
ﬁeld, F , applied to the PMN-PT and by a component, ε⊥,
perpendicular to F , with the relation ε⊥ = −0.7 × ε‖.
Figure 10b shows a sketch of the device, where the electric
ﬁeld is applied along the x direction, which is parallel to ε‖.
The [001]-direction of the membranes is pointing along
the z-direction. The [11¯0] direction of the membrane is
tilted by an angle of approximately 20° with respect to the
x axis.
In Figure 10, the behavior of the emission of an X con-
ﬁned in a GaAs/AlGaAs quantum well potential ﬂuctua-
tion (QWPF) is presented as anisotropic stress is applied
to the QD-membrane. (A QWPF is a local variation of
the quantumwell, acting as a comparably shallow conﬁne-
ment potential [7,29]).
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Figure 10 Results from the work of Plumhof et al. [24]. Behavior
of the X-emission of a GaAs/AlGaAs QWPF as anisotropic biaxial stress
is applied. (a) Color-coded PL intensity vs. polarization angle, φ, and
emission energy, E(φ, F), for diﬀerent values of F applied to the
PMN-PT (the ﬁeld values for the panels 1 to 4 are indicated in (f)). The
intensity is normalized to the highest intensity value for each
polarization measurement (1-4). The dashed lines indicate the
rotation of the polarization orientation. The x direction in (b) is
parallel to F and to ε‖ and corresponds to polarization angles of 0°,
180°,... and coincides with the polarization orientation of the
high-energy component at F = −20 kV/cm (panel 4). (b) Sketch of
the device consisting of a QD-membrane glued on a side of a PMN-PT
crystal. (c)-(e) Polarization dependence in polar coordinates of the
relative emission energy, E, (i.e., the mean emission energy, E(F), for
each value of F is subtracted) for panels 1, 2, and 4, respectively, of (a).
(f) Polarization orientation of the high-energy component with
respect to x vs. E(F). The dots marked by red circles correspond to the
data shown in (a). (g) FSS vs. E(F). Reprinted ﬁgure with permission
from Plumhof et al., Strain-induced anticrossing of bright exciton levels in
single self-assembled GaAs/AlxGa1-xAs and InxGa1-xAs/GaAs quantum
dots, Phys. Rev. B. 83, 121302(R), (2011). Copyright 2011, American
Institute of Physics.
Figure 10a shows the polarization resolved color-coded
PL-intensity map of the X-emission as a function of the
emission energy for diﬀerent electric ﬁelds F =33, 10,
−6.6, −20 kV/cm (labeled in the ﬁgure by the numbers 1
to 4) applied to the PMN-PT. The intensities of each line
(1-4) are normalized to their maximum. Three eﬀects are
mainly observed in (a): (i) The emission energy E(F ,φ)
shifts by approximately 4 meV. (ii) The polarization ori-
entation of the excitonic emission, which is related to the
phase of the wavy pattern, rotates by more than 60° (indi-
cated by the dashed lines). (iii) The magnitude of the FSS,
i.e., the amplitude of the oscillations of the wavy patterns
ﬁrst decreases (points 1→2) and then increases again
(2→4).
In the following, the polarization angles are given by the
orientation of the high-energy emission line of an exci-
ton with respect to the direction of F . In Figure 10c,e,
the polarization dependence of the relative peak positions
E = |E(φ, F) − E(F)| for points 1, 2, and 4 is illustrated
in polar coordinates, where E(F) is the average emission
energy for a certain value of F . They show clearly that FSS
and polarization orientation change for diﬀerent ﬁelds F .
Figure 10f displays the polarization orientation vs. E(F),
as F is varied from F =33 to −20 kV/cm. Figure 10g
shows the magnitude of the FSS vs. E(F). Going from low
to high emission energies, i.e., from tensile to compres-
sive strain, the FSS ﬁrst decreases down to a minimum
value of about 20 μeV and then increases again. Simul-
taneously, the polarization orientation rotates by around
70° (see Figure 10f). The origin of the oscillations of the
polarization in Figure 10f is ascribed to the defects in the
QWPF surrounding, which act as traps for charge carri-
ers. The presented data describe a clear anticrossing of the
bright excitonic states. In the same work, it is also shown
that anisotropic stress can be used to tune the FSS of dif-
ferent kinds of semiconductor QDs by several tens ofμeV ,
down to values, which are expected to be small enough to
create polarization entangled photon pairs.
Strain-dependent calculations based on k · p and con-
ﬁguration interaction models show that the minimum
reachable FSS highly depends on the alignment of stress
with respect to the QD elongation direction (compare
also with Figure 3b,c). Furthermore, it is demonstrated
that the anisotropic stress produces a rotation of the hole
wave function [24]. The calculations show that the reason
for the tuning of the FSS is not the physical deformation
(which is only a few per mill) but the inﬂuence of the
stress on the band structure. The stress leads to a mixing
of heavy with light hole band and to an anisotropy of the
eﬀective mass, which ﬁnally modify the FSS. These results
demonstrate that stress is a powerful tuning technique.
The advantage of stress is that it can easily be combined
with other tuning techniques, like electric [58] or mag-
netic ﬁelds which provides another degree of freedom. An
on-chip combination of QDs embedded in a light emitting
diode and stress would allow to electrically trigger the QD
emission and to tune the FSS by using anisotropic stress.
Plumhof et al. Nanoscale Research Letters 2012, 7:336 Page 10 of 11
http://www.nanoscalereslett.com/content/7/1/336
The disadvantages of stress as a tuning technique are that
the piezoelectric materials have to be actively stabilized in
order to avoid creeping of the piezo, and it is diﬃcult to
apply the stress only locally and stress, as demonstrated
after submission of this manuscript by Trotta et al. [59].
Conclusions
Several methods are presented, which allow the excitonic
FSS of semiconductor QDs to be tuned after growth. All
the presented tuning techniques like annealing, magnetic
ﬁelds, optical Stark eﬀect, electric ﬁelds, and stress are
able to tune the FSS of particular QDs to magnitudes,
which are suﬃciently small to create polarization entan-
gled photon pairs. All the presented methods have their
particular advantages and disadvantages. Magnetic ﬁelds
for example require cumbersome experimental setups,
which makes an on-chip integration diﬃcult, annealing
does not lend itself to in-situ monitoring, but it has the
advantage that the FSS can be permanently tuned to low
magnitudes. Vertical electric ﬁelds are proven to be an
eﬀective tuning method, but the use of static electric ﬁelds
for tuning makes it diﬃcult to electrically trigger the QD
emission. A problem which all the techniques presented
so far share is that they are not able to tune the FSS of
all the QDs to suﬃciently small magnitudes. This problem
could be solved by combining two or more tuning tech-
niques, like static electric ﬁelds, optical stark eﬀect, and
stress.
Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
Themanuscript was written by JDP with help from RT; the work was supervised
by AR and directed by OGS. All authors read and approved the ﬁnal manuscript.
Acknowledgements
We acknowledge V. Krˇa´pek and V. Fomin for fruitful discussions. This work was
supported by the DFG (FOR730) and BMBF (QuaHL-Rep, Contract No.
01BQ1032)
Received: 11 March 2012 Accepted: 23 April 2012
Published: 22 June 2012
References
1. Fox M: QuantumOptics: An Introduction. USA: Oxford University Press;
2006.
2. Michler P, Kiraz A, Becher C, Schoenfeld WV, Petroﬀ PM, Zhang LD, Hu E,
Imamoglu A: A quantum dot single-photon turnstile device.
Science 2282, 290(5500):2000.
3. Yuan ZL, Kardynal BE, Stevenson RM, Shields AJ, Lobo CJ, Cooper K,
Beattie NS, Ritchie DA, Pepper M: Electrically driven single-photon
source. Science 2002, 295(5552):102.
4. Benson O, Santori C, Pelton M, Yamamoto Y: Regulated and entangled
photons from a single quantum dot. Phys Rev Lett 2513, 84(11):2000.
5. Stevenson RM, Young RJ, Atkinson P, Cooper K, Ritchie DA, Shields AJ: A
semiconductor source of triggered entangled photon pairs.
Nature 2006, 439(7073):179.
6. Salter CL, Stevenson RM, Farrer I, Nicoll CA, Ritchie DA, Shields AJ: An
entangled-light-emitting diode. Nature 2010, 465(7298):594.
7. Gammon D, Snow ES, Shanabrook BV, Katzer DS, Park D: Fine structure
splitting in the optical spectra of single GaAs quantum dots. Phys Rev
Lett 1996, 76(16):3005.
8. Bayer M, Ortner G, Stern O, Kuther A, Gorbunov AA, Forchel A, Hawrylak P,
Fafard S, Hinzer K, Reinecke TL, Walck SN, Reithmaier JP, Klopf F, Schafer F:
Fine structure of neutral and charged excitons in self-assembled
In(Ga)As/(Al)GaAs quantum dots. Phys Rev B 2002, 65(19):195315.
9. Muller A, Fang W, Lawall J, Solomon GS: Creating polarization-
entangled photon pairs from a semiconductor quantum dot using
the optical Stark eﬀect. Phys Rev Lett 2009, 103(21):217402.
10. Avron JE, Bisker G, Gershoni D, Lindner NH, Meirom EA, Warburton RJ:
Entanglement on demand through time reordering.
Phys Rev Lett 2008, 100(12):120501.
11. Akopian N, Lindner NH, Poem E, Berlatzky Y, Avron J, Gershoni D,
Gerardot BD, Petroﬀ P M: Entangled photon pairs from semiconductor
quantum dots. Phys Rev Lett 2006, 96(13):130501.
12. Pathak PK, Hughes S: Comment on “entanglement on demand
through time reordering”. Phys Rev Lett 2009, 103(4):048901.
13. Avron JE, Bisker G, Gershoni D, Lindner NH, Meirom EA, Warburton RJ:
Avron et al. Reply. Phys Rev Lett 2009, 103(4):048902.
14. Pfanner G, Seliger M, Hohenester U: Entangled photon sources based
on semiconductor quantum dots: the role of pure dephasing.
Phys Rev B 2008, 78(19):195410.
15. Troiani F, Tejedor C. Phys Rev B 2008, 78(15):155305.
16. Ding F, Singh R, Plumhof JD, Zander T, Krˇa´pek V, Chen YH, Benyoucef M,
Zwiller V, Do¨rr K, Bester G, Rastelli A, Schmidt OG: Tuning the exciton
binding energies in single self-assembled InGaAs/GaAs quantum
dots by piezoelectric-induced biaxial stress. Phys Rev Lett 2010,
104(6):067405.
17. Young RJ, Stevenson RM, Hudson AJ, Nicoll CA, Ritchie DA, Shields AJ:
Bell-inequality violation with a triggered photon-pair source.
Phys Rev Lett 2009, 102(3):030406.
18. Hafenbrak R, Ulrich SM, Michler P, Wang L, Rastelli A, Schmidt OG:
Triggered polarization-entangled photon pairs from a single
quantum dot up to 30K. New J Phys 2007, 9:315.
19. Langbein W, Borri P, Woggon U, Stavarache V, Reuter D, Wieck AD:
Control of ﬁne-structure splitting and biexciton binding in
InxGa1-xAs quantum dots by annealing. Phys Rev B 2004,
69(16):161301(R).
20. Vogel MM, Ulrich SM, Hafenbrak R, Michler P, Wang L, Rastelli A, Schmidt
OG: Inﬂuence of lateral electric ﬁelds onmultiexcitonic transitions
and ﬁne structure of single quantum dots. Appl Phys Lett 2007,
91:051904.
21. Gerardot BD, Seidl S, Dalgarno PA, Warburton RJ, Granados D, Garcia JM,
Kowalik K, Krebs O, Karrai K, Badolato A, Petroﬀ PM:Manipulating
exciton ﬁne structure in quantum dots with a lateral electric ﬁeld.
Appl Phys Lett 2007, 90(4):041101.
22. Bennett AJ, Pooley MA, Stevenson RM, Ward MB, Patel RB, Boyer de la
Giroday A, Skoeld N, Farrer I, Nicoll CA, Ritchie DA, Shields AJ:
Electric-ﬁeld-induced coherent coupling of the exciton states in a
single quantum dot. Nat Phys 2010, 6(10):947.
23. Seidl S, Kroner M, Hoegele A, Karrai K, Warburton RJ, Badolato A, Petroﬀ
PM: Eﬀect of uniaxial stress on excitons in a self-assembled
quantum dot. Appl Phys Lett 2006, 88:203113.
24. Plumhof JD, Krˇa´pek V, Ding F, Joens KD, Hafenbrak R, Klenovsky P, Herklotz
A, Doerr K, Michler P, Rastelli A, Schmidt OG: Strain-induced anticrossing
of bright exciton levels in single self-assembled GaAs/AlxGa1-xAs
and InxGa1-xAs/GaAs quantum dots. Phys Rev B 2011, 83:121302(R).
25. Plumhof J: Strain-tuning of single semiconductor quantum dots. Phd.
thesis Technische Universita¨t Chemnitz 2012.
26. Berz MW, Andreani LC, Steigmeier EF, Reinhart FK: Exchange splitting of
light hole excitons in AlxGa1-xAs quantumwells. Solid State
Communications 1991, 80(8):553.
27. Bester G, Nair S, Zunger A: Pseudopotential calculation of the
excitonic ﬁne structure of million-atom self-assembled
In1-xGaxAs/GaAs quantum dots. Phys Rev B 2003, 67(16):161306.
28. Mlinar V, Zunger A: Eﬀect of atomic-scale randomness on the optical
polarization of semiconductor quantum dots. Phys Rev B 2009,
79(11):115416.
29. Plumhof JD, Krˇa´pek V, Wang L, Schliwa A, Bimberg D, Rastelli A, Schmidt
OG: Experimental investigation andmodeling of the ﬁne structure
Plumhof et al. Nanoscale Research Letters 2012, 7:336 Page 11 of 11
http://www.nanoscalereslett.com/content/7/1/336
splitting of neutral excitons in strain-free GaAs/AlxGa1-xAs quantum
dots. Phys Rev B 2010, 81(12):121309(R).
30. Tong H, Wu MW: Theory of excitons in cubic III-V semiconductor
GaAs, InAs and GaN quantum dots: ﬁne structure and spin
relaxation. Phys Rev B 2011, 83:235323.
31. Luo JW, Zunger A: Geometry of epitaxial GaAs/(Al,Ga)As quantum
dots as seen by excitonic spectroscopy. Phys Rev B 2011, 84:235317.
32. Seguin R, Schliwa A, Rodt S, Po¨tschke K, Pohl UW, Bimberg D:
Size-dependent ﬁne-structure splitting in self-organized InAs/GaAs
quantum dots. Phys Rev Lett 2005, 95(25):257402.
33. Schliwa A, Winkelnkemper M, Bimberg D: Impact of size, shape, and
composition on piezoelectric eﬀects and electronic properties of
In(Ga)As/GaAs quantum dots. Phys Rev B 2007, 20:205324 .
34. Hamermesh M: Group theory and its application to physical problems. 31
East 2nd Street, Mineola, N.Y. 11501: Dover Publications Inc; 1962.
35. 2011. [http://en.wikipedia.org/wiki/Allene].
36. Lin CH, You WT, Chou HY, Cheng SJ, Lin SD, Chang WH: Anticorrelation
between the splitting and polarization of the exciton ﬁne structure
in single self-assembled InAs/GaAs quantum dots. Phys Rev B 2011,
83(7):075317.
37. Mohan A, Felici M, Gallo P, Dwir B, Rudra A, Faist J, Kapon E:
Polarization-entangled photons produced with high-symmetry
site-controlled quantum dots. Nature Phot 2010, 4(5):302.
38. Mano T, Abbarchi M, Kuroda T, McSkimming B, Ohtake A, Mitsuishi K,
Sakoda K: Self-assembly of symmetric GaAs quantum dots on (111) a
substrates: suppression of ﬁne-structure splitting. Appl Phys Express
2010, 3:065203.
39. Schliwa A, Winkelnkemper M, Lochmann A, Stock E, Bimberg D:
In(Ga)As/GaAs quantum dots grown on a (111) surface as ideal
sources of entangled photon pairs. Phys Rev B 2009, 80:161307.
40. Singh R, Bester G: Lower bound for the excitonic ﬁne structure
splitting in self-assembled quantum dots. Phys Rev Lett 2010,
104(19):196803.
41. Williamson AJ, Wang LW, Zunger A: Theoretical interpretation of the
experimental electronic structure of lens-shaped self-assembled
InAs/GaAs quantum dots. Phys Rev B 2000, 62:12963.
42. Bryant GW, Zielin´ski M, Malkova N, Sims J, Jasko´lski W, Aizpurua J: Eﬀect
of mechanical strain on the optical properties of quantum dots:
controlling exciton shape, orientation, and phase with a mechanical
strain. Phys Rev Lett 2010, 105(6):067404.
43. Gong M, Zhang W, Guo GC, He L: Exciton polarization, ﬁne-structure
splitting, and the asymmetry of quantum dots under uniaxial stress.
Phys Rev Lett 2011, 106(22):227401.
44. Hudson AJ, Stevenson RM, Bennett AJ, Young RJ, Nicoll CA, Atkinson P,
Cooper K, Ritchie DA, Shields AJ: Coherence of an entangled
exciton-photon state. Phys Rev Lett 2007, 99(26):266802.
45. Tartakovskii AI, Makhonin MN, Sellers IR, Cahill J, Andreev AD, Whittaker
DM, Wells JPR, Fox AM, Mowbray DJ, Skolnick MS, Groom KM, Steer MJ,
Liu HY, Hopkinson M: Eﬀect of thermal annealing and strain
engineering on the ﬁne structure of quantum dot excitons. Phys Rev
B 2004, 70(19):193303.
46. Ellis DJP, Stevenson RM, Young RJ, Shields AJ, Atkinson P, Ritchie DA:
Control of ﬁne-structure splitting of individual InAs quantum dots
by rapid thermal annealing. Appl Phys Lett 2007, 90:011907.
47. Seguin R, Schliwa A, Germann TD, Rodt S, Potschke K, Strittmatter A, Pohl
UW, Bimberg D, Winkelnkemper M, Hammerschmidt T, Kratzer P: Control
of ﬁne-structure splitting and excitonic binding energies in selected
individual InAs/GaAs quantumdots. Appl Phys Lett 2006, 89(26):263109.
48. Stevenson RM, Young RJ, See P, Gevaux DG, Cooper K, Atkinson P, Farrer I,
Ritchie DA, Shields AJ:Magnetic-ﬁeld-induced reduction of the
exciton polarization splitting in InAs quantum dots. Phys Rev B 2006,
73(3):033306.
49. Puls J, Rabe M, Wu¨nsche HJ, Henneberger F:Magneto-optical study of
the exciton ﬁne structure in self-assembled CdSe quantum dots.
Phys Rev B 1999, 60:R16303–16306.
50. Bayer M, Stern O, Kuther A, Forchel A: Spectroscopic study of dark
excitons in InxGa1-xAs self-assembled quantum dots by a
magnetic-ﬁeld-induced breaking. Phys Rev B 2000, 61:7273–7276.
51. Abbarchi M, Mastrandrea CA, Kuroda T, Mano T, Sakoda K, Koguchi N,
Sanguinetti S, Vinattieri A, Gurioli M: Exciton ﬁne structure in strain-free
GaAs/Al0.3Ga0.7As quantum dots: extrinsic eﬀects. Phys Rev B 2008,
78(12):125321.
52. Grimm R, Weidemueller M, Ovchinnikov YB: Optical dipole traps for
neutral atoms. In Advances In Atomic, Molecular, and Optical Physics
Volume 42. Series: Advances In Atomic Molecular and Optical physics:
Elsevier; vol. 42, 2000:95–170. ISBN: 9780120038428.
53. Kowalik K, Krebs O, Lemaitre A, Laurent S, Senellart P, Voisin P, Gaj JA:
Inﬂuence of an in-plane electric ﬁeld on exciton ﬁne structure in
InAs-GaAs self-assembled quantum dots. Appl Phys Lett 2005,
86(4):041907.
54. Finley JJ, Sabathil M, Vogl P, Abstreiter G, Oulton R, Tartakovskii AI,
Mowbray DJ, Skolnick MS, Liew SL, Cullis AG, Hopkinson M:
Quantum-conﬁned Stark shifts of charged exciton complexes in
quantum dots. Phys Rev B 2004, 20:201308.
55. Barker JA, O’Reilly EP: Theoretical analysis of electron-hole alignment
in InAs-GaAs quantum dots. Phys Rev B 2000, 61(20):13840.
56. Zander T, Herklotz A, Kiravittaya S, Benyoucef M, Ding F, Atkinson P, Kumar
S, Plumhof JD, Doerr K, Rastelli A, Schmidt OG: Epitaxial quantum dots
in stretchable optical microcavities. Opt Express 2009, 17(25):22452.
57. Herklotz A, Plumhof JD, Rastelli A, Schmidt OG, Schultz L, Doerr K:
Electrical characterization of PMN-28% PT(001) crystals used as
thin-ﬁlm substrates. J Appl Phys 2010, 108:094101.
58. Trotta R, Atkinson P, Plumhof JD, Zallo E, Rezaev RO, Kumar S, Baunack S,
Schroeter JR, Rastelli A, Schmidt OG: Nanomembrane
quantum-light-emitting diodes integrated onto piezoelectric
actuators. AdvMater 2012, 24:2668 doi:10.1002/adma.201200537.
59. Trotta R, Zallo E, Ortix C, Atkinson P, Plumhof JD, van den Brink J, Rastelli A,
Schmidt OG. Phys. Rev. Lett. 2012, 109:147401.
doi:10.1186/1556-276X-7-336
Cite this article as: Plumhof et al.: Experimental methods of post-growth
tuning of the excitonic ﬁne structure splitting in semiconductor quantum
dots. Nanoscale Research Letters 2012 7:336.
Submit your manuscript to a 
journal and beneﬁ t from:
7 Convenient online submission
7 Rigorous peer review
7 Immediate publication on acceptance
7 Open access: articles freely available online
7 High visibility within the ﬁ eld
7 Retaining the copyright to your article
    Submit your next manuscript at 7 springeropen.com
